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ABSTRACT 

There have been a great deal of works on the precision test of the standard 
model (SM) because of the incredibly precise data obtained at the LEP and 
the new measurements of M\y and TJlt at the Fermilab Tevatron as well as 
the recent theoretical progress in the higher order radiative corrections. We 
will discuss some of the hidden inputs and theoretical uncertainties involved in 
making the predictions of the observables in the SM. From the minimal X -fit 
to the experimental Z-decay parameters (with the aid of a modified ZFITTER 
program) in a scheme where Mz , G and (xi^Mz) are taken as inputs, we can 
predict M\y for given values of TTIh and TTlt. The current world average value 
of My/ definitely favor nonvanishing electroweak radiative corrections and is 
consistent with a heavy Tflt as measured by the recent CDF report but with a 
heavy Higgs scalar of about 500 GeV within the context of the minimal SM. The 
sensitivity of and the errors in the best fit solutions due to the uncertainties 
in the gluonic coupling CXgi^Mz) and a(^Mz) are examined carefully and 
any trace of new physics beyond the SM implied by the data, in a particular 
Rf, and Rc, is also touched upon. In addition we discuss how the future 
precision measurements of M\y and Z decay parameters can determine the 
Higgs boson mass and distinguish the SM with radiative corrections from the 
minimal supersymmetric standard model (MSSM) and other extended model. 



1. Introduction 

The discovery ^ of the t-quark presents yet another chaUenge for the precision 
tests of the electroweak standard model of the leptons and colored quarks. Namely, 
one can now examine critically the uncertainties in the predicted Myr mass and the 
Z— decay parameters. Within the framework of the standard model in which G^, a 
and Mz are taken as input, one can predict M^y from the mass relation with the 
radiative corrections as well as the Z— decay parameters. Starting with the given 
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masses of the quarks, leptons, gauge bosons and Higgs scalar, as well as given gluonic 
coupling as{Mz) and gauge coupling a{Mz), the radiative correction Ar can be 
calculated by including up to the dominant two-loop and QCD-electroweak mixed 
terms, which in turn can be used in the VF— mass relation to determine Mw in a 
self-consistent manner. The most important inputs in terms of causing significant 
uncertainties to the physical observables such as Mw and Z— decay parameters in 
this procedure are m^, a{Mz) and as{Mz). We will discuss some of the hidden 
issues of the electroweak precision tests and theoretical uncertainties of the predicted 
observables as well as some issues concerning the test of the new physics beyond the 
SM. We begin with listing some of the recent experimental and theoretical progress 
on the electroweak parameters: 

[ 1.] The most recent values ^ of the t-quark mass are = 176±8±10 GeV 
(CDF) and rut = 199l2?±22 GeV (DO). 

[ 2.] The most recent CDF result ^ of the W-boson mass is Mw = 80.41±0.18 
GeV which together with the DO and other results makes the '95 world average ^ 
Mw = 80.26±0.16 GeV. 

[ 3.] The improved LEP results ^'^ on Z-decay parameters and Mz- 
The experimental precision of the electroweak data has gotten improved steadily 
during the past several years. As a representative example, the mass of the Z-boson 
is now Mz = 91.1884±0.0022 GeV compared to the '93 value 91.187±0.007 GeV 
and the '94 value 91.1888±0.0044 GeV. The accuracy of the total and some of 
the partial decay widths of the Z-boson is at the level of a few factor of 10~^ so 
that not only the quantum electroweak corrections can now be probed but also the 
uncertainty in the QED running coupling constant at the Z-boson mass scale is an 
appreciable source of the errors in the precision test of the standard and minimally 
extended models. 

In addition, some of the theoretical progress on the higher order corrections are: 
[ 4.] the dominant two-loop corrections ^ of the order 0{a^m^) to Ap = 1 — 1/p, 
and 

[ 5.] the QCD corrections to the leading electroweak one-loop term ^'^ which are 
of the orders 0{aasm'^) and 0{aa1m^). This affects the G^ml term in Ap. 
We note however that the higher order QCD effects of 0{aalrrif) are yet to be 
settled unambiguously 

The W-boson mass relaton will be affected by all these corrections through Ar. 
The total and partial Z-decay widths receive all these corrections through Ar as 
well as the higher order QCD corrections through the QCD factor Rqc d , for which 
we use the results of up to the three-loop order calculations with mass dependent 
coefficients. 

We would like to present the results of the new fit to the updated 1995 data with 
the aid of the appropriately modified ZFITTER program to incorporate these 



new experimental and theoretical developments. We examine the uncertainties 
in the best fit solutions of the Z-decay parameters and the predicted due to 
the current errors in as{Mz) and a{Mz) as well as in rrit. 

In the analysis we determine Mw self-consistently from the W-mass relation that 
includes the electroweak radiative corrections (EWRC) for the value of nit covering 
the experimental range and fit the LEP data. We will see how stable the predicted 
Mw is regardless of the exact value of uih in the interesting range of 60 — 1000 
GeV. The sensitivity of the EWRC to the exact value of Mw in the standard model 
has been studied based on the VF-mass formula. Also we will see how sensitive 
the precision tests and the mt — tuh correlation are to the requirement of self- 
consistency in the W-mass relation with the needed EWRC as well as to the errors 
in Q!g(M^) and a{Mz)- We examine critically how consistent the best-fit solutions, 

1. e., the minimal solutions, are with the CDF mt for the best determined values 
of as{Mz) and a~^{Mz) and what range of the Higgs boson mass and M-^ are 
implied by the best fit solutions as well as by the uncertainties due to the errors in 
the strong and QED coupling constants. In addition, we examine the validity of the 
QED Born approximation (QBA) in which a{Mz) is used instead of a{0) in the 
tree approximation along with the corresponding redefinition of the weak mixing 
angle sin^ 6 instead of sin^ Ow. 

The electroweak parameters relevant to the precision tests within the framework 
of the SM are introduced in the next Section and the numerical results are presented 
in Section 3. Section 4 contains conclusions and remarks on the precision tests of 
the SM as well as on the possible indication of new physics beyond the SM that 
may be implied by the current precision electroweak data. 

2. Electroweak Parameters 

It is well known that the charge renormalization in the conventional QED fixes 
the counter term by the renormalized vacuum polarization II''' (0) and one can eval- 
uate IP{q^) = YT''^ {q^) / from the photon self energy Yl'^^{q'^), for example, by 
the dimensional regularization method. This gives at = M| the total fermionic 
contribution of m/ < to the real part Aa = -i?en^(M|) = 0.05944(65), 
which includes both the lepton and quark parts. Here, the quark contribution 
to Rell'^{q'^) is the hadronic one which can be directly evaluated by dispersion in- 
tegral over the measured cross section of e+e~ hadrons. Then, we get from 
a{Mz) = a/{l - Aa) that a-^{Mz) = 128.89(9) in the on-sheU scheme if the 
hyperfine structure constant a = c^/Att = 1/137.0359895(61) is used, which is 
The value in agreement with the two most recent calculations. ^^'-"^^ The error in 
a~^{Mz) is essentially due to the uncertainty in hadronic contribution. The elec- 
troweak parameters are evaluated numerically with the hyperfine structure constant 
a, the four-fermion coupling constant of //-decay, = 1.16639(2) x 10~^ GeV~^, 



and Z-mass Mz = 91.1884(22) in the 1995 data fit. Numerical estimate of the full 
EWRC requires the mass values of the leptons, quarks, and Higgs scalar besides 
these quantities. The minimal x^-fit to the LEP data will at best give rrit — mn 
correlation. The best-fit solutions are chosen out of the solution set for {mt,mH) 
and Mw is determined self-consistently from the VF-mass relation with EWRC. 

One has in the SM the on-shell relation sin 9w = 1 ~ -j;^ , while the four-fermion 
coupling constant can be written as 

so that Ar, representing the radiative corrections, is given by 



37.2802^ 

Mw J 1-M^/Ml 



Ar = l-(^f:^) . (2) 



We note that the radiative correction Ar is very sensitive to the value of Mw- Mere 
change in Mw by 0.44% results as much as a 40% change in Ar. Theoretically, the 
radiative correction parameter Ar within the SM can be written as 

1 - Ar = (1 - Aq;)(1 + cot^ Ow^p) - Ar^em, (3) 

where Ap contains one-loop and the leading two-loop irreducible weak and QCD 
corrections. Any other corrections than Aa would represent the genuine electroweak 
radiative effects. Main contribution to Ap is from the heavy t-quark through the 
mass renormalizations of weak gauge bosons W and Z, while there is a part in 
{Ar)rem Containing also t-quark and Higgs scalar contributions. Note that the 
so-called QBA to Ar is defined by keeping only the photon vacuum polarization 
contribution, Aa = —ReIl"^{M^) — 0.05944. We note that Aa is numerically 
the dominant component of the radiative corrections, i.e., with the current world 
average value Mw = 80.26 GeV, Aa differs by mere 29% from the needed Ar that 
has to be accounted for by the weak interaction corrections. 

Starting with the given masses of the quarks, leptons, gauge bosons and Higgs 
scalar, as well as given gluonic coupling as{Mz) and gauge coupling a(M^), Ar is 
calculated from (3) by including up to the dominant two-loop and QCD-clcctroweak 
mixed terms and then is used to determine Mw from the right hand side of (2). 
With this new Mw-, Ar is calculated again to determine another new Mw- This 
iteration process is repeated until Ar converges to within O(10~^). The final output 
Mw from this iteration procedure is the self-consistent solution of (2) for Mw with 
the starting set of mt,mH etc. Upon varying m^, this procedure will give the 
rrit — Mw correlation for all other parameters including mn fixed. We then calculate 



the eleven Z-decay parameters, as chosen in Table 1 in the next Section, for the 
parameter sets {mt,mH) that determine My[r from (2) and search for the minimal 
X^-fit solution to the experimental Z-decay parameters. This procedure selects the 
best-fit solution. 

The Z-decay parameters are calculated with the gluonic coupling constant in 
the range as{Mz) = 0.123(6) in the QCD correction factor 

Rqcd = 1 + 1.05^ + 0.9(±0.1) (^Y - 13.0 (4) 

TT \ TT / \ IT / 

for the light quarks(u,d,c,s) ® and in 

Rqcd = + Climb)— + C2{mt,mb) (—) + C3{mt,mb) (—) , (5) 

TT \ TT / \ TT / 

with the nib and nit mass dependent coefficients for the b quark. ^ The partial width 
for Z ^ ff is given by 

where P = a^I — Amj/M^, Rqed = 1 + f f Q/ ^^d the color factor c/ = 3 for 
quarks and 1 for leptons. Here the renormalized vector and axial- vector couplings 
are defined by = y'p^2aj = '^J~p^2ll and = [1 — 4|Q/| sin^ Owi^f] in terms 
of the familiar notations. I0'i6,i7 Nq^q that Act is included in the couplings through 
sin^ 9w via (1) and (3) and all other non-photonic loop corrections are grouped in 
and , as in Ref.lO and 18, including the dominant two-loop and QCD-electroweak 
terms. Note that the QED loop corrections can unambiguously be separated from 
the electroweak loops in the case of neutral current interactions. ^^'^^ Thus the case 
of the QBA can be achieved simply by setting and to 1 in the vector and 
axial- vector couplings. 

3. Numerical Results 

The numerical results for the minimal x^-fits to the updated 1995 LEP data for 
eleven Z-decay parameters and theoretically determined Mw are given in Table 1. 
They are significantly different from the fits to the 1993 data, though similar 
to those of the 1994 data except for Rb = R(Tbb/^had) and R^ — R{Tcc/^had)- 
The new values for these parameters are now Rb = 0.2219(17) and Rc = 0.1543(74) 
compared to the 1994 values 0.2202(20) and 0.1583(98). They are about 3.5 a and 
2.3 a away from the SM predictions of the best fit solutions respectively and are 
the main source of much larger values in the case of the 1995 data. There is 



however a clear evidence of the full EWRC in each of the eleven Z-parameters. The 
best fit solutions to the 1995 data show a stable output M\y — 80.29(3) GeV for 
rriH in the range of 60 — 1000 GeV, while the values favor the lower limit of M-^ 
and accordingly lower nit than the CDF value and a lighter nin- In particular the 
QBA gives inferior (=23.0/11) for the 1995 data, which is comparable to the 
case {mt = 186 GeV, mn = 1000 GeV). However in the case of QBA one gets Mw 
= 79.96(9) GeV and Ar = 0.0596(9) to be compared to Mw = 80.29(3) GeV for 
mn = 60 - 1000 GeV and Ar = 0.0390(9) - 0.0423(11), while the required Ar = 
0.0443(102). Also the CDF mt = 176 GeV is a possible output solution with a tjih 
about 500 GeV among the many possible combinations of {mt,mH)- As shown in 
Table 1, the best-fit solutions can have errors due to the uncertainty in as{Mz) : mt 
and Mw may be shifted by as much as ±5 GcV and ±30 MeV respectively because 
of Acts ~ ±0.006. There are additional comparable error due to the uncertainty in 
a{Mz) as shown in Table 1: Aa~^{Mz) = ±0.09 can cause another ±5 GeV and 
±20 MeV respectively in mt and Mw- 

Though the x^- values tend to prefer the lower mt and accordingly smaller m^, 
there are infinitly many pairs of (m^, mn) all of which are from a minimal and 
statistically comparable to each other. In particular the best global fits to the 
updated 1995 data give mt = 163 - 187 GeV for = 200 - 1000 GeV. Most of 
the Z-parameters are stable irrespectively to the uncertainties due to Act^ and Aa 
and in excellent agreement with the data except Rb and Rc- Even with the mass 
dependent QCD factor, there is still about 3.5 cr and 2.3 cr deviations respectively 
in Rf, and Rc from the experiments irrespectively to the uncertainties in as{Mz)- ^ 
Most of the contributions are from Ri, and to a lesser degree from Rc and A^p^. 

Mw changes with mt for fixed mn from the consistency of the full EWRC and 
the central values of the world average Mw and CDF mt are consistent with a Higgs 
scalar mass about 1000 GeV, though mn — 100 GeV is within 1 cr because of large 
errors in the data. Clearly a better precision measurement of Mw is desired to 
distinguish different mn- For example, a change of mn by 200 GeV, i.e., from 500 
GeV to 300 GeV at mt = 176 GeV, results a change of 44 MeV in Mw, i.e., from 
80.326 GeV to 80.37 GeV. This in turn will require a precision of 10 GeV or better 
in mt from the best-fit solution, which is consistent with the most statistical error 
improvement that may be achieved at the Fermilab Tevatron. Present precisions in 
the data entail a theoretical uncertainty of about 36 MeV in Mw which is about 
the overall error improvement expected at LEP-200. 



Table 1. Numerical results including full EWRC for eleven experimental parameters of the 
Z-decay and M\y . Each pair of mt and rriH represents the case of the best x^- fit to the 1995 
LEP data for as(Mz) = 0.123(6) and a'^iMz) = 128.89(9). The numbers in () represent the 
errors due to Aas{Mz) = ±0.006 and Aa~'^ (Mz) = ±0.09 respectively. 
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4. Conclusions and Remarks 

We have examined the results of the minimal x^"fits to the precision measure- 
ments of the Z-decay parameters at LEP with the aid of a modified ZFITTER 
program containing the full one- loop and dominant two-loop EWRC. While the 
result of QBA might appear to be in agreement with the 1993 data within 2(t level 
of accuracy i^-^o^ the new world average value of Mw and updated 1995 LEP data 
definitely disfavor the QBA, even though it may seem that the value of the QBA 
is similar to the case of {rrit = 186 GeV, uih = 1000 GeV) in Table 1. This is 
because the origin of the large is fundamentally different in two cases: in the 
latter case, it is mainly due to the large deviation of the predicted Rb from the 
experimental value, while in QBA it is due to uniform deviation of all Z-decay 
parameters from experiments, i.e., the total for the 10 parameters other than 
Rb in Table 1 is 10.25 and 17.71 respectively. Thus the 1995 data support for the 
non-vanishing electroweak radiative corrections, while the large a of Rb may be the 
signal for the existence of new physics effect beyond those of the SM. In addition, 
the CDF rrit is a solution of the minimal x^"fits to the 1995 data with a Higgs 
scalar mass about 500 GeV. However this rrit value can be shifted by as much as 6.4 
GeV due to the overall uncertainties in as{Mz) and a{Mz) for the moment and 
accordingly mn ranging 320 — 780 GeV. Further precision measurement of M\y can 
provide a real test of the standard model as it will give a tight constraint for the 
needed amount of the EWRC and can provide a profound implication for the mass 
of t-quark and Higgs scalar. The best- fit solutions within the context of the SM 
give Mw = 80.29(3) GeV for the CDF range of mt and = 60 - 1000 GeV. This 
can be shifted by another 33 MeV due to the errors of as{Mz) and a~^{Mz). If 
Mw is determined to within a 30 MeV uncertainty, Ar within the context of the 
SM will be tightly constrained to distinguish the radiative corrections and the x^"fit 
to the Z— decay data with the 1995 accuracy can discriminate the mass range of 
the t-quark and Higgs scalar within 8 GeV and 200 GeV respectively, providing a 
crucial test for and even the need of new physics beyond the standard model. If 
Mw is determined to be larger than 80.32 GeV with better than a 30 MeV accuracy 
by the future precision measurements (perhaps reachable at LHC) , this would be a 
definite sign for new physics beyond the SM. 

The Rb excess at 3.5a" and also at a lesser 2.3o" Rc deficiency of the cc branching 
ratio may be the signal of new physics from LEP as we mentioned above. In fact, 
if we set 

i?, = i?J^(l + 5,), (g = 6,c) (7) 

we find 5b = 0.0273 ± 0.0079 and 6c = -0.0977 ± 0.0433, which are stable with re- 
spect to the uncertainties in ag and a as one can see from Table 1. Other authors 



have noted also that it is impossible to explain Rf, and Rc with ag consistent with 
low energy determinations without introducing new physics corrections to all Zqq 
couplings. There have been many attempts to explain the Rb excess by invoking 
new physics ingredients beyond the SM. One of the most popular scheme is to use 
the minimally extended supersymmetric standard model which can give addi- 
tional contributions to Sb from the extra supersymmetric particles. In such scheme, 
one needs either a light higgsino-like chargino and a light supersymmetric partner 
of the top quark, i, for small tan or a Higgs pseudoscalar with mass smaller than 
Mz when tan /3 ^ 1. Another suggested scenario is to use the extended technicolor 
model (ETC) ^"^ which has additional technicolor interactions among top quarks 
and techniq uarks. Simple ETC models in which the ETC and weak gauge groups 
commute give a 5 to 20 % contribution depending on the value of nit to 6b but 
with an opposite sign. The diagonal techni-neutral ETC bosons can raise Rb but 
at the expense of introducing large isospin violation, thus causing a unacceptably 
large oblique parameter T. An alternative to the simple ETC model has been pro- 
posed by relaxing the commutativity of the ETC and electroweak gauge groups. 
One can achieve the allowed value of Rb by tuning the additional contribution to 
the Zbb vertex from ZZ' mixing which are similar in magnitude and opposite in 
sign to those of the ETC boson exchanges that generate the top quark mass. The 
phenomenological consequences of this model however are not fully understood. 

Finally the indirect bound of the Higgs boson mass has been studied by several 
authors in MSSM. From a global fit to precision electroweak data, Ellis et al 
estimate 50 < mn < 124 GeV for = 172 GeV at 36% probability, while Erler 
and Langacker state 60 < mn < 150 GeV leading to mt = 169 ± 7 GeV. On 
the other hand, we find from our global fit that an SM-type mn is preferred to an 
MSSM-type Higgs mass within la for mt = 176 ±13 GeV but if mt is allowed to vary 
free, it is difficult to distinguish the two types of the Higgs boson as 60 < mn < 182 
GeV for 135 < mt < 162 GeV within la. 
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